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The transcription factor GATA3 plays an essential role
during T cell development and T helper 2 (Th2) cell
differentiation. To understand GATA3-mediated gene
regulation,we identifiedgenome-wideGATA3binding
sites in ten well-defined developmental and effector T
lymphocyte lineages. In the thymus, GATA3 directly
regulated many critical factors, including Th-POK,
Notch1, and T cell receptor subunits. In the periphery,
GATA3 induced a large number of Th2 cell-specific as
well as Th2 cell-nonspecific genes, including several
transcription factors. Our data also indicate that
GATA3 regulates both active and repressive histone
modifications of many target genes at their regulatory
elements near GATA3 binding sites. Overall, although
GATA3 binding exhibited both shared and cell-spe-
cific patterns among various T cell lineages, many
genes were either positively or negatively regulated
by GATA3 in a cell type-specific manner, suggesting
that GATA3-mediated gene regulation depends
strongly on cofactors existing in different T cells.
INTRODUCTION
GATA3, a zinc-finger transcription factor, plays a critical role in
both early and late T cell differentiation (Collins et al., 2009; Hat-
tori et al., 1996; Ho et al., 2009; Zhang et al., 1997; Zheng and
Flavell, 1997; Zhu et al., 2010). Conditional deletion of Gata3 in
CD4+ T cells abolishes T helper type 2 (Th2) cell differentiation
(Pai et al., 2004; Zhu et al., 2004), whereas forced expression
of GATA3 results in Th2 cell differentiation even in the absence
of IL-4-STAT6 signaling (Lee et al., 2000; Ouyang et al., 2000;
Zhang et al., 1997). Beyond its role in Th2 cells, GATA3 is also
critical during multiple stages of T cell development (Hattori
et al., 1996; Pai et al., 2004; Ting et al., 1996). Although GATA3
is not required for hematopoietic stem cell (HSC) development
or maintenance, it is required for the development of the most
primitive T lineage progenitors (Hosoya et al., 2009). Deletionof Gata3 in the CD4-CD8 double positive (DP) stage of T cell
differentiation disrupts the development of the CD4 single posi-
tive (SP) lineage (Pai et al., 2003; Zhu et al., 2004). GATA3 acts as
a CD4 lineage-determining factor in part by upregulating expres-
sion of the transcription factor Th-POK; however, a Th-POK
transgene failed to rescue the CD4+ T cell development defect
ofGata3-deficient thymocytes, suggesting that GATA3 regulates
other important factors during CD4+ T cell development (Wang
et al., 2008).
Despite the critical function of GATA3 at different cell develop-
mental stages, a limited number of its target genes in Th2 and DP
cells have been identified (Ansel et al., 2006; Kishikawa et al.,
2001; Lavenu-Bombled et al., 2002; Lee et al., 2001; Wang
et al., 2008; Zhu et al., 2010). A study using ChIP-chip reported
that GATA3 binds to hundreds of genes in both Th1 and Th2 cells
and may function to oppose T-bet activity during differentiation
of these T helper cells (Jenner et al., 2009). However, genome-
wide analyses of GATA3 binding and GATA3-mediated gene
regulation in Th2 cells have not been reported. Furthermore,
the transcriptional programs regulated by GATA3 across most
of the T cell lineages are largely unknown. For example,
GATA3 is known to regulate the expression of Th-POK, which
is required for CD4+ lineage commitment. However, other
GATA3-regulated genes that are also important for CD4+ cell
differentiation have not been identified. In addition to CD4
lineage decision and Th2 cell differentiation, it remains unclear
whether GATA3 functions in other Th cells and in CD8+ T cells,
in which GATA3 is expressed in low amounts.
To investigate the function of GATA3 in various Th cells and
during thymic development, we have identified GATA3 binding
sites genome-wide, using ChIP-Seq, in naive CD4+, Th1, Th2,
Th17, iTreg, nTreg, NKT, and CD8+ cells as well as CD4-CD8
DP and CD3-negative CD4-CD8 double negative (DN) thymo-
cytes. In addition, we investigated changes in gene expression
that resulted from deletion of Gata3 in CD3loCD4+CD8int-hi
CD69+ (CD3loDP), CD3hiCD4+CD8int-hiCD69+ (CD3hiDP) thymo-
cytes that undergo positive selection and in various Th cells.
Our data indicate that, although there are many GATA3
binding sites shared among different T cells, GATA3 regulates
strikingly different transcriptional programs depending on
cellular context. GATA3 directly regulates many critical factors,
including Th-POK, Notch1, and T cell receptor subunits in theImmunity 35, 299–311, August 26, 2011 ª2011 Elsevier Inc. 299
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Figure 1. Genome-wide GATA3 Binding Patterns in Various T Cell Lineages
(A) Cartoon showing various development and differentiation stages of T cells analyzed in this study. GATA3-mediated steps are highlighted in red.
(B) Overlaps of GATA3 binding sites in various T cell types. The number of binding sites identified in each cell type is indicated on the right of the heatmap. Number
within each cell (i, j) in the heatmap and the corresponding intensity indicate the percentage of sites in cell type i (row) overlapping those in cell type j (column).
The cluster pattern shown on the left was generated on the basis of the overall binding similarity.
(C) GATA3 binding pattern at the genomic region containing Ctla4 and Icos genes. Blue arrowheads indicate the peaks identified by MACS with a p value
of% 1013.
(D) Overlap of GATA3-bound genes in Th1, Th2, Th17, and iTreg cells. GATA3was considered associatedwith a gene if a MACS peakwas located anywhere from
10 kb upstream of transcription start site to 3 kb downstream of transcription end site.
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Gene Regulation by GATA3 in Distinct T Cellsthymus; it directly or indirectly induces a large number of Th2
cell-specific as well as Th2 cell-nonspecific genes including
several transcription factors that may be involved in the GATA3
regulatory network during Th cell differentiation. Finally, we
found that GATA3 regulates both active and repressive histone
modifications, H3K4me1,2 and H3K27me3, respectively, at the
enhancer regions of many of its target genes, including Il4 and
Ifng in Th2 cells.
RESULTS
Genome-wide Mapping of GATA3 Binding Sites in
Various T Cell Types
T cells develop in the following order in the thymus: DN,
CD3loCD4+CD8int-hi (CD3lowDP), CD3hiCD4+CD8int-hi (CD3hiDP),300 Immunity 35, 299–311, August 26, 2011 ª2011 Elsevier Inc.and single positive (CD4+ or CD8+) cells. Naive CD4+ T cells
are induced to differentiate to Th1, Th2, Th17, and iTreg cells
in vitro depending on the cytokine milieu with previously estab-
lished conditions (Zhu et al., 2009) (Figure 1A and Figure S1 avail-
able online). The differentiation steps from DN to DP, from DP to
CD4+ T cells, and from naive CD4+ T cells to Th2 cells are known
to require GATA3 (highlighted by the red arrows in Figure 1A).
GATA3 expression can be detected at different amounts in
various T cell populations (Figures S1B–S1E). To elucidate the
transcriptional programs regulated by these different amounts
of GATA3 during T cell development from DN to the various
differentiated Th cells, we mapped GATA3 binding sites
genome-wide by using ChIP-Seq in each of these develop-
mental stages and differentiated lineages (Table S1). The
CD3loCD4+CD8int-hi and CD3hiCD4+CD8int-hi cells were used as
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Gene Regulation by GATA3 in Distinct T Cellsa single population (CD4+CD8int-hi, DP) for the ChIP-Seq anal-
ysis. To expand the spectrum of cell types studied, we also
analyzed GATA3 binding in a closely related T lineage, NKT cells.
To confirm that the antibody used is specific for the GATA3
protein and set criteria for specific peak identification from the
ChIP-Seq data, we performed ChIP-Seq with the same antibody
on CD8+ T cells in which the Gata3 gene was absent as a result
of Cre-mediated deletion of loxP-flanked Gata3 alleles. As ex-
pected, many ChIP-Seq peaks were found in wild-type CD8+
T cells but not in the Gata3-deleted cells (Figure S1F). To define
a peak as significant, we applied a p value of 1013 for peak
identification by using MACS (Zhang et al., 2008). We chose
this as the most stringent parameter that allowed us to still iden-
tify the known GATA3 target genes, Il4, Il5, and Il13, as GATA3-
bound genes in the ChIP-Seq data from Th2 cells. Using this
criterion, we identified 266 and 7,187 GATA3 sites in Th17 and
Th2 cells, respectively, whereas only 82 sites were identified in
the Gata3-deleted CD8+ cells. Other cells contained interme-
diate numbers of GATA3 binding sites (Figure 1B, listed on the
right of the panel). GATA3 binding was highly enriched in the
region 10 kb upstream of TSS and 50 UTR in all the cell types
studied (Figure S1G). Substantial overlaps of the GATA3 peaks
were observed between biological replicate experiments (93%
and 71% in DP and Th2 cells, respectively) (Figures S1H and
S1I). Most of the apparent non-overlapping peaks in these repli-
cate samples showed enrichment in GATA3 binding in both
replicates by visual inspection with the UCSC Genome Browser,
suggesting that they may be true GATA3 peaks, although they
did not pass our stringent statistic criteria to be identified as
significant peaks in one of the two experiments. Indeed, more
than 90% of the peaks identified in one Th2 cell library with
a cutoff p value of 1013 overlapped with the peaks identified
in the other Th2 cell library with a cutoff p value of 106; the latter
cutoff still only detected <300 peaks in GATA3-deficient cells.
However, we kept this stringent criterion (p < 1013) in peak iden-
tification in order to provide a set of highly confident GATA3
binding sites.
Examination of the ChIP-Seq data revealed both conserved
and cell-specific binding of GATA3 among various T cell line-
ages, as exemplified by the genomic region containing the
Ctla4 and Icos genes, which showed the most GATA3 peaks in
Th2 cells and the fewest in Th17 and Th1 cells (Figure 1C). As
mentioned above, some peaks identified by visual inspection
did not pass our statistical criterion for peak identification
(arrows in the figure indicate peaks identified by MACS).
Pairwise comparisons of GATA3 binding sites between any
two of these cell types revealed overlaps of 3%–97% as indi-
cated by the heatmap (Figure 1B), which is asymmetric because
of the directional nature of the binary overlap, i.e., X in Y versus Y
in X. We can draw two conclusions from this hierarchical clus-
tering analysis: (1) the number of binding sites appears to be
related to the amounts of GATA3 expression; (2) GATA3 binding
exhibits marked cell specificity, although there are substantial
overlaps of binding sites among different cells. Even cells with
similar number of binding sites, for example, nTreg and DN cells,
exhibited very different binding patterns reflected by their distant
placement in the hierarchical clustering pattern (Figure 1B), sug-
gesting that distinct cofactors in these cells that play critical roles
in the differential GATA3 binding. Interestingly, even within thesame gene cluster, GATA3 binding patterns were different in
different cell types. For example, GATA3 was bound to many
more sites at the Icos locus in Th2 cells than in nTreg or iTreg
cells, whereas several sites to which GATA3 bound at the
Ctla4 locus in nTreg and iTreg cells were not bound by GATA3
in Th2 cells (Figure 1C).
We illustrated the shared and lineage-specific GATA3-bound
genes among the Th cells with a Venn diagram (Figure 1D).
Our analysis indicated that only 133 genes are bound by
GATA3 in all helper T cells (Table S2). Whereas Th1, Th2, and
iTreg cells each expressed a distinct set of GATA3-bound genes,
a large fraction (75%) of the GATA3-bound genes in Th17 cells
belong to the group shared among all the helper T cells, suggest-
ing that GATA3 binding in Th17 cells ismainly limited to the group
of core target genes, presumably containing high-affinity binding
sites in an open chromatin environment.
Deletion of GATA3 Has Distinct Outcomes
in Different Lineages
GATA3 has critical functions in DP and Th2 cells. The thousands
of binding sites we identified in other cell types suggest that it
could have potentially important functions in those cells as
well. To directly test this, we deleted Gata3 in Th1, Th2, Th17,
and iTreg cells that had been generated in vitro from naive
CD4+ T cells obtained from Gata3fl/fl mice by infecting the differ-
entiating cells with a retrovirus expressing GFP-Cre. The mRNA
profiles in both wild-type (WT, GFP-negative) andGata3-deleted
(/, GFP-positive) cells were determined by RNA-Seq. To
understand the transcriptional programs regulated by GATA3
during CD4+ T cell development in the thymus, we also analyzed
the mRNA profiles in WT and Gata3-deleted CD69+CD3loDP
and CD69+CD3hiDP thymocytes, which were directly purified
from WT and Gata3 conditional deficient (/) mice (Gata3fl/fl-
CD4Cre). Analysis of the biological replicate RNA-Seq data
from these cells revealed that deletion of Gata3 resulted in a
change in expression of different genes, and of different
numbers of genes in these cells, ranging from 24 genes in
Th17 cells to 1,679 genes in CD3hiDP cells (Figure 2A, Table S3).
Deletion of Gata3 led to changed expression of 623 genes in
Th2 cells, including the previously reported Th2 cell-specific
genes Il4, Il5, Il10, Il13, and Il1rl1, as shown for selected lineage
specific genes in Figure 2B and in a complete list in Table S3,
consistent with our previous report (Zhu et al., 2004). In contrast,
Th1 cell-specific genes including Tbx21, Fasl, and Il12rb2 were
slightly upregulated in Th2 cells after Gata3 deletion (Figure 2B;
Table S3). We also examined the effects ofGata3 deletion in Th2
cells on Th17 cell-specific genes and found that Rorc was
modestly upregulated as the result of Gata3 deletion; a number
of iTreg-specific genes includingCd83 and Tnfsf11were upregu-
lated in these Gata3-deleted Th2 cells (Figure 2B; Table S3).
These data suggest that GATA3 is involved in repression of
many non-Th2 cell-specific genes in Th2 cells.
There are far fewer genes affected by deletion of Gata3 in
other Th cells (Figure 2A and Table S3). Deletion of Gata3 in
Th1 or Th17 cells did not significantly affect expression of Th1-
or Th17 cell-specific genes (Figure 2B and Table S3).Gata3 dele-
tion in iTreg cells affected expression of 52 genes including the
iTreg-specific genes Itgae and Mmp11; Foxp3 expression was
modestly affected (Figures 2A and 2B; Table S3). Interestingly,Immunity 35, 299–311, August 26, 2011 ª2011 Elsevier Inc. 301
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Figure 2. GATA3 Regulates Distinct Transcription Programs in Different Cells
(A) Number of genes that undergo change in expression and are bound by GATA3. ‘‘Affected genes’’ indicates all genes that show changed expression in
a specific T cell stage-lineage by deleting the Gata3 gene. ‘‘P-reg’’ indicates the genes that are positively regulated by GATA3. ‘‘P & bound’’ indicates the genes
that are positively regulated and bound by GATA3. ‘‘N-reg’’ indicates the genes that are negatively regulated by GATA3. ‘‘N & bound’’ indicates the genes that are
negatively regulated and bound by GATA3.
(B) Deletion ofGata3 results in changes in expression of cell-specific genes. The expression pattern of a set of genes characteristic of each cell type (indicated on
the right) is shown. Heatmap intensity denotes the normalized expression (log2 RPKM values).
(C) Overlap of GATA3-regulated genes among all Th cells.
(D) Overlap of GATA3-regulated genes among both DP subsets and Th2 cells. Genes regulated by GATA3 in each cell type were determined by the overlaps of
two independent biological replicates.
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after Gata3 deletion in both Th2 and iTreg cells (Table S3).
Function of GATA3 Is Dependent on Cellular
and Lineage Context
Among the thousands of GATA3 binding sites we identified,
many are shared among different lineages. As already noted,
133 genes are bound byGATA3 in all four Th cell subtypes (Table
S2). However, examination of the RNA-Seq expression data
revealed that none of the genes affected by deletion of Gata3
is shared among all Th cells (Figure 2C). Although, Th1 and
Th17 cells shared 138 genes bound byGATA3, only one differen-
tially expressed gene (Ubtd1) caused by Gata3 deletion was302 Immunity 35, 299–311, August 26, 2011 ª2011 Elsevier Inc.shared between these two lineages and GATA3 did not bind to
this gene. Similarly, only a minor fraction of the genes affected
by deletion ofGata3were shared between DP and Th2 cells (Fig-
ure 2D). These data suggest that GATA3-mediated gene regula-
tion in different cell types requires cell type-specific cofactors.
GATA3 Binding Is Associated with Primary
and Secondary Motifs
To understand the lineage specificity of GATA3 binding and
function, we performed a motif enrichment analysis of the
GATA3 binding sites identified in various cell types. It has been
shown previously that the zinc finger domain of the GATA family
proteins recognizes the 50-(A/T)GATA(A/G)-30 motif in vitro
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C
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Figure 3. GATA3 Binding Is Associated with Primary and Various Secondary Motifs
(A) Motif enrichment analysis of GATA3 binding sites in various T cells. The co-occurring motifs associated with the primary WGATAAmotif in the GATA3 binding
sites were also analyzed and the top two secondary motifs (indicated at the bottom) from each cell were displayed.
(B) Genome Browser image showing that Fli1 but not Ets1 colocalized with GATA3 at the Th2 cytokine locus in Th2 cells.
(C) Genome-wide colocalization of GATA3 and Fli1 binding sites in Th2 cells.
(D) Genome Browser image showing that Gata3 deletion abrogated Fli1 binding to the Th2 cytokine locus in CD8+ T cells.
Immunity
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this study, we found WGATAA to be the top motif in all GATA3-
bound sites in each cell type (Figure 3A). Interestingly, WGATAA
is much more prevalent than WGATAG in our study suggesting
the conserved recognition site by GATA3 in vivo is somewhat
different from that in vitro. In addition to WGATAA, a number of
other enriched motifs were identified in the GATA3-bound
regions, both in those that contain a WGATAA motif and those
that do not. These included motifs of several transcription
factors known to be involved in T cell differentiation and func-
tion, including the Ets (AGGAAG), Runx (ACCACA), and AP1
(TGACTCA) families of transcription factors. The frequency
with which these associated secondary motifs appeared varied
with cellular context. For example, whereas the Runx motif
was found as the top secondary motif in all T helper cells, the
AP1 and TCF11 motifs were the top secondary motifs in CD8+
and NKT cells, respectively. The presence of the Runx motif in
GATA3-bound sites in Th1 and Th2 cells is consistent with our
recent report that GATA3 protein and Runx3 protein can form
a complex to regulate Th1 and Th2 cell differentiation (Yagi
et al., 2010).GATA3 Colocalizes with Fli1
The association of the WGATAA motif with the Ets motif in the
GATA3-bound regions suggests that GATA3 may be colocalized
with one or more Ets family members in the genome. Indeed, our
ChIP-Seq analyses indicate that Fli1 but not Ets1 colocalized
with GATA3 as exemplified in Figure 3B; Fli1 bound to 70% of
all GATA3-bound sites in Th2 cells (Figure 3C). It has been sug-
gested previously that another member of the GATA family of
transcription factors, GATA1, physically interacts with Fli1 and
that this interaction facilitates their mutual binding to their target
sites (Eisbacher et al., 2003). Thus, GATA3 binding may be re-
cruited or stabilized by Ets family proteins and vice versa.
Although we have not been able to demonstrate the recruitment
of GATA3 by Fli1 because of difficulties in knocking down Fli1
efficiently, we found that Fli1 binding to the Il13 and Rad50 loci
was abrogated in Gata3-deleted T cells (Figure 3D). Globally,
75% of the shared GATA3 and Fli1 sites lost Fli1 binding upon
deletion of Gata3.
Taken together, these data suggest that transcription factors
exhibit different target specificity depending on the existence
of co-occurring motifs and/or the presence of interacting factorsImmunity 35, 299–311, August 26, 2011 ª2011 Elsevier Inc. 303
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Figure 4. GATA3 Regulates Critical Components of Signaling and Transcription during T Cell Development in the Thymus
(A–C) GenomeBrowser image showing that the Thpok gene (zbtb7b) (A), theNotch1 gene (B), andCd3d andCd3e (C) were bound byGATA3 in DN, DP, and naive
CD4+ T cells (left panel). Gata3 deletion abolished their expression in CD69+CD3hiCD4+CD8int-hi DP cells (right panel).
(D) Gata3 deletion resulted in a decrease of surface T cell receptor complex in CD4+CD8int cells by FACS analysis. Error bars represent the mean ± SD.
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Gene Regulation by GATA3 in Distinct T Cellsin different cellular contexts. The regulatory complexity and
potential exhibited by a fixed set of transcription factors in any
genome can be dramatically expanded by such a mechanism.
GATA3 Regulates Critical Factors of Cell Signaling
and Cell Fate Determination in the Thymus
GATA3 has been suggested to regulate the expression of
Th-POK (Zbtb7b), a transcription factor that is essential for the
development of CD4+ T cells (He et al., 2005; Sun et al., 2005;
Wang et al., 2008). Even though Th-POK is not expressed at
the DN stage (He et al., 2005; Sun et al., 2005), the Zbtb7b
gene was already bound by GATA3 at this stage (Figure 4A,
left panel), suggesting that GATA3 binding may prepare the
gene to be expressed later. Indeed, deletion of Gata3 abrogated
Th-POK expression in postselection CD69+DP cells (Figure 4A,
right panel), suggesting an essential function of GATA3 in
Th-POK expression. However, ectopic expression of Th-POK
fails to rescue CD4+ T cell differentiation defects caused by
GATA3 deficiency (Wang et al., 2008), suggesting other GATA3
targets are also involved in CD4+ T cell development.
Runx proteins function tomediate silencing of CD4 expression
at different stages of T cell differentiation and facilitate CD8+
T cell differentiation (Collins et al., 2009). Our data indicate that
GATA3 binding exists around all three Runx family members
(Runx1, Runx2, and Runx3) in DN, DP, and naive CD4+ cells
(data not shown). Deletion of Gata3 decreased Runx1 expres-304 Immunity 35, 299–311, August 26, 2011 ª2011 Elsevier Inc.sion in CD69+DP cells (data not shown). Our ChIP-Seq and
RNA-Seq data also indicated that GATA3 binds to and regulates
two dozens of other transcription factors, including Irf8, Fli1,
Rorc, Smad7, Tcf3, Tcf7, and Zfpm1, whose functions during
T cell development remain to be tested (Table S3).
In addition to Th-POK and many other transcription factors,
signaling molecules that are involved in T cell development are
also regulated by GATA3. Notch signaling plays an essential
role in T cell fate specification and may also be involved in the
CD4-CD8 lineage decision (Laky and Fowlkes, 2008). We found
that GATA3 bound to theNotch1 locus in DN, DP, and naive cells
(Figure 4B, left panel) and deletion of Gata3 diminished its
expression in CD69+DP cells (Figure 4B, right panel). GATA3
may also regulate T cell differentiation by directly controlling
the expression of TCR components. Our ChIP-Seq analysis
revealed strong binding of GATA3 to the Tcra, Tcrb, Cd3d, and
Cd3g loci (Figure 4C, left panel and data not shown). The
mRNA expression of Cd3d and Cd3e decreased 50% in
Gata3-deleted CD69+DP cells (Figure 4C, right panels). Cell
surface expression of the T cell receptor complex indicated by
CD3ε staining is reduced on CD4+CD8int thymocytes (Figure 4D)
upon Gata3 deletion. Because signal strength plays such a
central role in thymic selection (Hogquist, 2001) and Th cell
differentiation (Tao et al., 1997), GATA3 regulation of TCR
expression could directly or indirectly affect T cell develop-
ment and differentiation. Although deletion of Gata3 did not
Immunity
Gene Regulation by GATA3 in Distinct T Cellscompletely abolish TCR expression in these thymocytes, we
cannot rule out the possibility that GATA3 plays an essential
role in TCR expression during the early phase of T cell
commitment.
Our data indicate that, in addition to regulating Th-POK
expression, GATA3 is involved in controlling the expression of
several key components of signaling and transcription required
for T cell development, thereby explaining the failure of a Th-
POK transgene to rescue the defect in CD4+ T cell development
in Gata3fl/fl-CD4Cre mice. These data also indicate that GATA3
can bind to target genes at a developmental stage before the
genes are expressed (for example, Th-POK gene in DN cells),
which may prepare the chromatin for future action, and after
the regulation occurred (for example, binding toCd3d and Thpok
in naive T cells), which may serve as a memory of previous
GATA3 function.
GATA3 Mediates Both Activation and Repression
of Transcription
Comparison of expression profiles of the four helper T cell line-
ages revealed 91, 90, 7, and 43 genes uniquely expressed in
Th1, Th2, Th17, and iTreg cells, respectively, with the criteria
that a lineage-specific gene should have a RPKM (reads per kilo-
base of exon model per million mapped reads)R 5 and should
be 2-fold greater than in other lineages (Table S4). Because
GATA3 is required for Th2 cell differentiation, we examined
how GATA3 binding correlated with gene expression in Th2 cells
in a greater detail. Among the 90 Th2 cell-specific genes, 44
(49%) were downregulated by deletion of Gata3 (we will here-
after refer to these genes as positively regulated by GATA3),
which is much higher than 3% of all genes that were affected
in Th2 cells and thus consistent with a key role of GATA3 in
regulating Th2 cell differentiation. Most of the Th2 cell-specific
genes including Batf, Ccr1, Fos, Gzma, Il4, Il5, Il10, Il13, Il24,
Pparg, Gata3, Nfil3, and Xbp1 were either bound or positively
regulated by GATA3 (Figure 5A). Compared to only 10% of all
genes, 59% of GATA3-dependent Th2 cell-specific genes were
bound by GATA3 in Th2 cells, whereas the binding of GATA3
was also detected at 35% of Th2 cell-specific genes that do
not require GATA3 for expression in this setting (Figure 5B).
Gata3 mRNA (truncated mRNA in the Gata3-deficient cells) did
not change after removal of GATA3, implying that GATA3 is not
required for its own expression in the presence of IL-4-STAT6
signaling. However, GATA3 binds to multiple elements at the
Gata3 locus, including a Th2 cell-specific binding to one site
1 Mb downstream of transcription start site (data not shown),
which suggests that GATA3 could self-regulate when it reaches
a threshold level and/or when IL-4-STAT6 signaling ceases or is
absent. These data robustly demonstrate a critical role of GATA3
in the Th2 cell differentiation program. Among these 90 Th2 cell-
specific genes, there are several GATA3 dependent and inde-
pendent transcription factors whose functions during Th2 cell
differentiation require further investigation (Table S4).
To examine how the binding of GATA3 is related to gene
expression, we grouped the 2,039 genes bound by GATA3 in
Th2 cells into ten bins according to their level of expression in
wild-type cells and plotted the percentage of differentially ex-
pressed genes for each expression bin (Figure 5C). Although
the genes positively regulated by GATA3 (blue columns)exhibited a bimodal distribution, the genes negatively regulated
by GATA3 (orange columns) were highly enriched in lower
expression groups.
The above results indicate that GATA3 activated one group
and repressed another group of genes. To test whether GATA3
binding is positively correlated with both gene activation and
repression, we plotted the number of GATA3 binding sites per
gene against the fraction of bound genes that exhibited signifi-
cant changes when Gata3 was deleted in Th2 cells. Our data
indicate that, whereas 0.97% of genes not associated with
GATA3 binding were positively regulated by GATA3, 3.78%
of genes with 1 GATA3 binding site and 4.90% of genes with
R2 GATA3 binding sites were activated by GATA3 (Figure 5D).
Interestingly, it appears that GATA3-mediated repression also
correlated with GATA3 binding (Figure 5D). We found that 43%
of the genes activated by GATA3 and 30% of the genes
repressed by GATA3, respectively, were bound by GATA3 in
Th2 cells (Figure 2A). Our data indicate that GATA3 binding
may lead to either activation or repression of transcription, which
is consistent with the observation that GATA1 and GATA2 also
act as both activators and repressors of transcription (Cheng
et al., 2009; Fujiwara et al., 2009; Yu et al., 2009).We hypothesize
that this equivalence may be due to the upstream role GATA3
plays in the transcription cascade. Gene ontology analysis with
KEGG pathways within DAVID tools indicates that both the
GATA3-activated and repressed genes are enriched in cyto-
kine-receptor interaction and JAK-STAT signaling pathways
(data not shown).
Distinct Chromatin Structure at GATA3Sites Associated
with Activated and Repressed Genes
To understand how GATA3 mediates both gene activation and
repression, we tested whether GATA3 binding modulates the
chromatin structure of its target sites. Our data indicate that
the genomic regions surrounding the GATA3 binding sites in
the Il4 and Il13 genes, which are activated by GATA3, are associ-
ated with H3K4me1, H3K4me2, and/or H3K4me3 but no notable
signals ofH3K27me3 inTh2cells (Figure 6A),whereas, also inTh2
cells, the GATA3 sites in the Tbx21 and Ifng genes, which are
repressed by GATA3, are associated with H3K27me3 modifica-
tion in addition to H3K4me1 and H3K4me2 modifications (Fig-
ures 6B and 6C). These data suggest that GATA3 may influence
gene expression by regulating histone methylation at its target
sites in Th2 cells.
GATA3 Regulates H3K4 and H3K27 Methylations
at Its Target Sites
To directly test whether GATA3 regulates histone modification
at its target sites, we compared the profiles of H3K4me1,
H3K4me2, H3K4me3, and H3K27me3 in wild-type and Gata3-
deleted Th2 cells. Deletion of Gata3 resulted in substantial
decreases in H3K4me2 at a number of specific sites in the Th2
cytokine locus (Figure 7A, compare peaks indicated by arrow-
heads). On the other hand, although deletion of Gata3 resulted
in decreased H3K4me2 (indicated by arrowheads) at GATA3
binding sites, it also increased H3K27me3 (highlighted in blue)
across the entire Il10 locus (Figure 7B). Interestingly,Gata3 dele-
tion caused a decrease in H3K27me3 at both the Tbx21 and Ifng
loci (highlighted in blue) (Figures 7C and 7D). Although it hasImmunity 35, 299–311, August 26, 2011 ª2011 Elsevier Inc. 305
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Figure 5. GATA3 Binding Is Correlated with Both Gene Activation and Repression in Th2 Cells
(A) Venn diagram showing the overlaps of Th2 cell-specific genes, GATA3-bound genes, and the genes positively regulated by GATA3. The locations of some
interesting genes are indicated. All the affected and bound genes were determined by the overlaps of two independent biological repeats.
(B) The percentages of GATA3-bound genes among various classes of genes in Th2 cells.
(C) Differential distribution of genes positively and negatively regulated by GATA3. A total of 2,039 GATA3-bound genes were binned into ten equal-sized groups
in accordance to their expression inwild-type Th2 cells (x axis), and the percentage of differentially expressed genes resulting from theGata3 deletion was plotted
(y axis).
(D) GATA3 binding is correlated with both activation and repression. y axis indicates the fraction of genes that are either positively or negatively regulated by
GATA3 in each group of genes separated by the number of GATA3 binding sites in a gene.
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Gene Regulation by GATA3 in Distinct T Cellsbeen previously suggested that GATA3 indirectly suppresses
IFN-g production (Yagi et al., 2010), our data here indicate that
GATA3 can also directly act on the Ifng gene in Th2 cells to sup-
press the expression of this cytokine by modulating H3K27me3
marks around GATA3 binding sites. To examine the genome-
wide regulation of H3K4me2 at GATA3 binding sites, we plotted
the H3K4me2 signals surrounding all GATA3 binding sites in Th2
cells and found that H3K4me2 was highly elevated surrounding
the GATA3 sites (Figure 7E, upper-left panel). Interestingly, the
H3K4me2 signal decreased significantly (p = 3.22 3 1015 with
the Kolmogorov-Smirnoff test) in GATA3-deleted cells (compare
magenta with cyan). It appears that decrease in H3K4me2mainly
occurred at the distal, nonpromoter GATA3 sites (compare
upper-middle and upper-right panels in Figure 7E); such a result
is more clearly indicated by normalizing the H3K4me2 signals in
Gata3-deficient cells to that in wild-type cells (Figure 7E, lower306 Immunity 35, 299–311, August 26, 2011 ª2011 Elsevier Inc.panels). Notably, the H3K4me2 peak surrounding the GATA3
sites spanned a large region of 15 kb, and interestingly, the
H3K4me2 signal across the entire 15 kb region decreased
when Gata3 was deleted, suggesting that GATA3 binding was
responsible for promoting H3K4me2 methylation. To test
whether GATA3 functions similarly in other cells, we have ex-
tended this analysis to H3K4me1, H3K4me3, and H3K27me3
in DP cells and found that deletion of Gata3 also decreased
H3K4me1 signals, mainly at distal binding sites in DP cells
(Figure S2).
To examine whether the changes in H3K4me2 at the GATA3
sites correlate with gene expression, we plotted the ratio of
H3K4me2 signals in Gata3-deficient and wild-type Th2 cells at
the GATA3 sites associated with the genes that are positively
or negatively regulated or not affected by GATA3 (Figure 7F,
upper panels). This analysis revealed that deletion of Gata3
AB
C
Figure 6. Active and Repressive Activities of GATA3 Are Associated
with Distinct Epigenetic Modification Patterns
(A–C) Genome Browser image showing the patterns of GATA3 binding and
H3K4me1, H3K4me2, H3K4me3, and H3K27me3 modifications at the Il4 and
Il13 gene locus (A), at the Tbx21 gene (B), and at the Ifng gene (C) in Th2 cells.
The histone H4K4 methylation peaks colocalized with GATA3 peaks are indi-
cated by arrowheads and the regions enrichedwith H3K27me3 are highlighted
by the blue box.
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Gene Regulation by GATA3 in Distinct T Cellsindeed led to a significant decrease (p = 6.857 3 108, Kolmo-
gorov-Smirnoff test) in H3K4me2 surrounding both the proximal
(p = 0.001216) and distal (p = 0.0003055) GATA3 sites in the
genes positively regulated by GATA3 (green), although the
increase in H3K4me2 in genes negatively regulated by GATA3
was only modest. Interestingly, the region with decreased
H3K4me2 methylation extended far beyond the GATA3 binding
sites to 50 kb each side of its binding. On the other hand,
decreased and increased H3K27me3 signals were detected inGata3-deleted cells at the GATA3 sites associated with the
genes repressed and activated by GATA3, respectively, mainly
surrounding the distal GATA3 sites (Figure 7F, lower panels).
Among the 2,039 GATA3-bound genes, 704 and 223 genes
exhibited significant changes (FDR < 105; ratio R 2 or % 0.5)
in H3K4me2 and H3K27me3 modifications, respectively, after
deletion of Gata3 (Figure 7G). Gata3 deletion resulted in more
genes with a decrease in H3K4me2 than genes with an increase
in H3K4me2 (67% versus 33%). Interestingly, it also resulted in
more genes with a decrease H3K27me3 than genes with an
increase in H3K27me3 (74% versus 26%), suggesting that
GATA3 may directly facilitate both H3K4me2 and H3K27me3
modifications at its target genes. In the groups of genes with
either increased H3K27me3 or decreased H3K4me2 after
Gata3 deletion, there were more genes that displayed reduced
expression than enhanced expression in Gata3-deficient
‘‘Th2’’ cells, whereas in the groups of genes with either in-
creased H3K4me2 or decreased H3K27me3 after Gata3 dele-
tion, many of them represented the genes that are negatively
regulated by GATA3 (Figure 7G). These results indicate that
GATA3-regulated H3K4me2 and H3K27me3 are highly corre-
lated with activation and repression of its target genes (Fig-
ure 7G). Although only a minor fraction of the genes that
GATA3 bound to showed a significant change in expression
(4.0% and 3.1% are positively and negatively regulated, respec-
tively, by GATA3), Gata3 deletion significantly changed the
histone modifications at 46% of its bound genes (11% for
H3K27me3 and 35% for H3K4me2), indicating that gene expres-
sion change is not required for the observed epigenetic changes
caused by GATA3 deletion.
DISCUSSION
Here, we found that there is substantial cell specificity in both
GATA3 binding and gene regulation by GATA3 even among the
closely related T cell lineages. GATA3 regulates distinct key
factors in the thymus and during T helper cell differentiation.
Our data indicated that GATA3 facilitates both H3K4me1 and
H3K4me2 as well as H3K27me3 at enhancers to mediate gene
activation and repression, respectively.
Among themost striking aspects of our results is the very large
number of genes to which GATA3 binds and the fact that it acti-
vates some, represses others, and appears to have little or no
effect on the level of expression of the rest. This suggests that
GATA3 acts in a more subtle manner than simply as a ‘‘switch’’
to turn on the Th2 cell phenotype. Instead, it may control the
activation of many genes that are critical for Th2 cell function
while simultaneously repressing genes that might inhibit Th2
cell function or Th2 cell differentiation.
One challenge is to understand the importance of GATA3
binding to sites at which it does not appear to alter the expres-
sion of the bound genes. One possibility is that the local binding
of GATA3 may regulate other genes through long-distance chro-
matin interaction, such as Th2 cytokine locus control region in
the Rad50 gene. A second possibility is that these genes are
regulated under the various conditions that the Th cells may
encounter in vivo but which are not operative in vitro. A third
possibility is that GATA3 binding does not directly activate or
repress transcription of its target genes; instead, it preparesImmunity 35, 299–311, August 26, 2011 ª2011 Elsevier Inc. 307
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Figure 7. GATA3 Regulates Transcription by Modulating H3K4 and H3K27 Methylations of Enhancers
(A–D) Genome Browser image showing that deletion of Gata3 resulted in changes in H3K4me2 (indicated by arrowheads) and/or H3K27me3 (highlighted in blue
box) at or near the GATA3 sites of the Il4/Il13 locus (A), of the Il10 locus (B), of the Tbx21 locus (C), and of the Ifng locus (D) in Th2 cells.
(E) Global analysis indicated that deletion ofGata3 resulted in decreases in H3K4me2 signals over the distal GATA3 sites in Th2 cells. As shown in the upper panel,
the H3K4me2 tag densities (y axis) surrounding the total GATA3 sites (left), promoter-proximal (middle), and distal (right) GATA3 sites were plotted for a region of
100 kb on each side of the GATA3 binding site. As shown in the lower panel, y axis shows the ratio of the H3K4me2 signals inGata3-deficient cells to that in wild-
type cells surrounding the GATA3 binding sites across the same region as in the upper panel. The p value for the histone modification differences between the
Gata3-deficient and wild-type cells are obtained using the Kolmogorov-Smirnoff test and shown in the panels.
(F)Gata3 deletion-induced changes in histonemethylation correlate with changes in gene expression in Th2 cells. Upper panel: plotted are the ratios of H3K4me2
signals betweenGata3-deficient cells and wild-type cells surrounding the GATA3 binding sites associated with the genes positively regulated (green), negatively
regulated (red) and not regulated (black) by GATA3; lower panel: the same are plotted for H3K27me3. The P-values for the histone modification differences
between the regulated genes and non-regulated genes are obtained using the Kolmogorov-Smirnoff test and shown either in red or green.
(G). GATA3 regulates both H3K4me2 andH3K27me3 at numerous target genes. The changes in H3K4me2 andH3K27me3modifications (p < 105; ratioR 2 or%
0.5) after Gata3 deletion) and expression level at each individual GATA3-bound gene were summarized. The arrows indicate the direction of changes in histone
modification and gene expression after Gata3 deletion. The p values of either increased or reduced gene expression correlated with a change in histone
modification are indicated.
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Gene Regulation by GATA3 in Distinct T Cellschromatin so that other factors that collaborate with GATA3 can
bind and regulate transcription when they become available.
Thus, the effects of deleting Gata3 could not be detected in
the absence of these collaborating factors.
Our data indicate that the function of GATA3 exhibits two
levels of specificity in different cells: one level at its binding site
selection and the second level at its functional regulation of
bound genes. At the binding level, GATA3 target genes demon-
strate some lineage specificities even among the closely related
T helper cell lineages. The lineage specificity of GATA3 binding in308 Immunity 35, 299–311, August 26, 2011 ª2011 Elsevier Inc.different cells cannot be attributed solely to differences in GATA3
expression and number of binding sites among these different
cell types.
Because GATA3 is a sequence-specific DNA-binding protein,
its cell type-specific binding suggests that GATA3 target recog-
nition is regulated by other mechanisms in addition to the GATA3
sequence motif. Indeed, our motif analysis revealed that in addi-
tion to a primary WGATAA motif, GATA3 binding sites contained
various secondary motifs including Ets, Runx, AP1, TCF11, and
AREB6 motifs or only secondary motifs but lacked the primary
Immunity
Gene Regulation by GATA3 in Distinct T CellsWGATAA motif. There are several potential mechanisms that
secondary motif-recognizing factors may be used to influence
GATA3 function: (1) GATA3 physically interacts with another
factor, which stabilizes the binding of both factors or destabilizes
the binding of one factor; (2) GATA3 binding facilitates H3K4
methylation and creates a chromatin environment such that
another factor can bind; (3) GATA3 binds to a site in open chro-
matin that is maintained by another factor; (4) GATA3 facilitates
H3K27me3 modification at target region to inhibit binding or to
suppress the activity of another factor. These non-exclusive
ways of action may explain how GATA3 binding can be associ-
ated with both gene activation and repression. The functional
collaboration between different transcription factors is not
unique for GATA3 but has been found with other key regulators,
for example, PU.1 in macrophage and EBF1 in B cells (Ghisletti
et al., 2010; Treiber et al., 2010).
Lineage-specific cytokine and transcription factor genes are
associated with distinct histone modification patterns in dif-
ferent T cell lineages (Ansel et al., 2006; Hatton et al., 2006;
Roh et al., 2005; Schoenborn et al., 2007; Wei et al., 2009).
Active histone modifications at the Th2 cytokine locus depend
on key transcription factors such as STAT6 and GATA3 (Yama-
shita et al., 2002), suggesting that these factors may regulate
transcription by modulating the chromatin structure of their
target genes. Our genome-wide analyses indicated that dele-
tion of Gata3 decreased H3K4me1 and H3K4me2 modifications
at GATA3 binding sites associated with the genes that were
positively regulated by GATA3. By contrast, deletion of Gata3
resulted in a decrease in H3K27me3 at the negatively regulated
genes. We found that in Th2 cells, a substantial proportion of
GATA3-bound genes had changed their epigenetic modifica-
tions but not their gene expression when Gata3 was deleted.
These results indicate that the epigenetic changes are directly
regulated by GATA3 binding and are not a consequence of
transcriptional activation or repression. The modest changes
in the histone modifications at GATA3 binding sites upon
deletion of Gata3 suggest that other factors cobound with
GATA3 may play redundant roles in recruiting histone
methyltransferases.
Histone modification may influence transcription by attracting
different transcription cofactors. H3K4 methylation can recruit
coactivators, e.g., the ATP-dependent chromatin remodeling
complex, NURF (Wysocka et al., 2006), and HATs (Wang et al.,
2009), whereas H3K27me3 signals can be recognized by the
PRC1 polycomb repressor complex (Fischle et al., 2003), which
mediates transcriptional repression in Drosophila and humans.
Therefore, our data support the model that GATA3 binding
creates a chromatin environment that can make target sites of
other transcription factors accessible or can be recognized by
coactivators or corepressors of transcription although it is also
possible that in some cases, GATA3 may activate or repress
transcription directly.
In summary, we have characterized GATA3 binding in many
distinct T lymphocytes and analyzed GATA3-mediated gene
regulation at a genome-wide level. Our data set provides valu-
able information for further characterization of GATA3 target
genes and cis-regulatory elements that GATA3 binds to as well
as proteins that collaborate with GATA3 to regulate the differen-
tiation and function of various T cell lineages.EXPERIMENTAL PROCEDURES
Mice
C57BL/6 mice and Foxp3-RFP mice (Line 8374) (Wan and Flavell, 2005) were
purchased from the Jackson Laboratory (JAX).Gata3fl/fl andGata3 fl/fl-CD4Cre
mice were previously described (Zhu et al., 2004), except that theywere further
backcrossed to C57BL/6 background for at least nine generations. All mice
were bred and maintained in NIAID specific pathogen-free animal facility
and the experiments were done when mice were at 8 to 16 weeks of age under
protocols approved by the NIAID Animal Care and Use Committee. We used
three types of Gata3-deficient cells: DP and CD8+ Gata3-deficient cells were
fromGata3fl/fl-Cd4Cre mice; for RNA-Seq analysis of Th1, Th2, Th17 and iTreg
cells, Gata3 was deleted by hCre-GFP infection of Gata3fl/fl cells; for histone
modification analysis of Th2 cells, we used Gata3fl/fl-dLckCre Th2 cells in
which 70% of cells deleted Gata3 (Yagi et al., 2010). See Supplemental
Experimental Procedures for details about preparation of the cells from wild-
type and Gata3-deficient mice.
ChIP-Seq and RNA-Seq
ChIP-Seq experiments were performed as described previously (Barski et al.,
2007). RNA-Seq experiments were performed with total RNA isolated from
both the wild-type and Gata3-deficient cells. Binding site identification, motif
analysis, and differential gene expression analysis were performed as
described in Supplemental Experimental Procedures.
ACCESSION NUMBERS
All the ChIP-Seq and RNA-Seq data are available in the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/gds) under the
accession number GSE20898.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four tables, two figures, and Supplemental
Experimental Procedures and can be found with this article online at
doi:10.1016/j.immuni.2011.08.007.
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